I. INTRODUCTION

I
N power electronics devices, conductors carrying currents are immersed in alternative magnetic field. The current profile is therefore nonuniform, and the effective resistance tends to increase with frequency. The skin effect term is used to illustrate nonuniformity in a single conductor, caused by its own magnetic field. The proximity effect is applied for nonuniformity caused by magnetic fields of adjacent conductors. Studies on eddy current effects show that proximity effect is predominant in high frequency (HF) [1] , [2] . Therefore, correct prediction on proximity effect losses is required for an accurate magnetic component design.
Analytical solution [3] for eddy current problems is limited to simple geometry-like circular cross-section conductors or infinite wide strip. Hence, numerical analysis is intensively used for arbitrary geometry. For finite element analysis (FEA), one among criterions required to obtain a sufficient reliable result is to have at least two elements in skin depth. When dealing with 3-D devices modeling like transformers or inductors simulation, this constraint is not easily satisfied. In most cases, it reveals unfeasible to carry out a complete 3-D simulation with standard mesh density. The memory requirement and computation time become rapidly prohibitive.
Many studies show that it is interesting to use complex permeability to predict proximity losses. It has been successfully applied to calculate proximity losses in transformers with circular cross-section conductors [4] . Complex permeability computation for rectangular conductors with analytical formulas [5] uses 1-D assumption. Hence, its application domain is restricted to conductors with large aspect ratio (length per width) and homogenous tangential field.
In this paper, we propose to determine 2-D complex permeability numerically. Section II reviews principle of complex permeability and related hypothesis. 1-D model with closedform formulas is also exposed. Section III will focus on 2-D Digital Object Identifier 10.1109/TMAG.2007.892303
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II. COMPLEX PERMEABILITY-1-D ANALYTICAL MODEL
A. Principle
To compute proximity losses without involving a huge mesh, complex permeability concept is employed. The principle consists of replacing the conductor material by an equivalent nonconductive magnetic material, which gives the same active and reactive power loss for a given geometry. There is no more eddy currents loss computation which is time consuming. The intense mesh is replaced by a coarse one. In fact, the number of unknowns in conducting regions is divided by four because only one unknown per node is required (basically, four unknowns are required). Frequency-dependent ohmic losses are included by a phase shift between magnetic field and magnetic induction.
First, we look at the 1-D model and its assumptions.
B. 1-D Complex Permeability Model
Let us consider a conducting infinite plate of thickness in a homogenous tangential field in Fig. 1 . The external field is considered to be not disturbed by the presence of the plate. Writing the field expression in the plate, the only component is with and (2) which leads to the complex power by unit length
By replacing this conducting plate with a nonconductive magnetic plate, the instantaneous complex power density will be characterized by a hysteresis cycle . The magnetic field inside the plate is uniform and takes value of . The complex power density will have an active and a reactive component which is written as (4) Integrating (4) over the width of the plate and equaling this with (3), we obtain finally the expression of the complex permeability. This equivalent permeability depends on working frequency and nature of the plate (dimension, conductivity, permeability, etc.)
The complex permeability evolution as a function of frequency is presented in Fig. 2 .
The expression (5) is quite easy to implement into a proximity loss calculation program. However, its application is limited in 1-D. In [5] , authors have intended to use this model for 2-D simulations by rotating the device an angle of 90 and applying the same boundary condition. In other words, authors have used two 1-D models to derive the anisotropy of complex permeability ( and ) . This leads to significant relative errors at some sufficient high frequencies.
In fact, the existence of a second component of the magnetic field (which is orthogonal to the conducting plate) modifies the HF ohmic losses. Moreover, with a limited length in 2-D model, current density is typically located at the edges of the device [6] . These two factors could not to be taken into account by a 1-D model (see Fig. 3 ).
To our knowledge, there is not analytical treatment yet for 2-D foils. To include the edge effects into complex permeability calculation, we propose two numerical approaches. The first deals with isolated conductor and is coupled with homogenization technique. The second treats the case of the large number of conductors arranged in a regular manner.
III. NUMERICAL COMPLEX PERMEABILITY DETERMINATION
A. Isolated or Scattered Conductors
First, the isolated rectangular conductor is placed in a uniform alternative inductor field. 2-D finite element (FE) eddy currents problem is solved and active and reactive powers are computed ( and ). This stage could be time consuming because we must solve eddy current problem for each frequency. However, it stays reachable.
The external field must be applied at both tangential and perpendicular directions. These two directions are necessary because of the anisotropy of the complex permeability. At the end of this stage, we obtain four values of active and reactive power ( and , respectively). Second, the conductive material will be replaced by a magnetic material with complex permeability. An optimization solver [global optimization toolbox (GOT)] [7] will drive the simulation with complex permeability-like input data in order to match the active and reactive power reference. The multiobjective function for direction of field is and
We have a similar expression for other direction of field. The problem does not need an intense mesh because there is no more eddy current in the complex magnetic material. However, it could be time consuming, depending on how fine the variation interval is divided. In effect, in order to fit and , GOT will vary the permeability over its variation space (which is usually normalized to interval) to construct a response surface (RS). The quality of RS depends on the number of points of computation. The more number of points of computation, the better the response surface is. For case presented in Table I , we have used ten points of division for each interval. Hence, the total computation is simulations. This response surface will be exploited by GOT using genetic algorithm to derive a Pareto front from which we select an op- timum. This optimum corresponds to the combination of complex permeability which matches the best and . This latter combination is now ready for use in 2-D FE simulation with an inexpensive computation cost.
In this approach, we can obtain a combination of complex permeability which could return exact proximity losses for each frequency for a scattered conductor. However, it is not straightforward while we deal with multiple frequencies. Second, when applying to case of bundle of conductors, the basic reluctance network does not take into account interaction between conductors. The homogenized complex permeability is therefore far from its ideal condition. To handle this obstacle, we propose to deal with package of conductors (see Fig. 4) .
B. Package of Conductors Elementary Cell Model
Our hypothesis is that there are an infinite number of straight rectangular conductors immersed into a homogenous external field. In this case, it is clear that the reaction field of each small conductor does not modify the external field. The external field could be vertical or horizontal. We consider only one quarter of the elementary cell because of the symmetry.
In Fig. 5 , we describe how to create a horizontal field along the conductor. Vector potentials are imposed on top and bottom; Neumann conditions are imposed to force the field rigorously tangential to Ox. By their nature, these boundary conditions also create a periodicity repeated infinitely in two directions. On this greatly reduced size of the cell, we computed the active and reactive power for each frequency (7) These values will be then equalized to those we obtain from the complex permeability model. Let us now look at the equivalent complex permeability model. The magnetic induction and magnetic field are calculated by (8) The instantaneous complex power is integrated and equalized to (7) (9) Hence, we can obtain the expression of the complex permeability versus frequency with (10)
The evolution of complex permeability versus frequency is given in Fig. 6 . This method is quite simple to execute. The result is obtained with precision and over a large band of frequencies. We are going to validate both methods on 2-D and 3-D examples.
IV. VALIDATION
A. 2-D Validation
Both proposed methods have been tested on a simple 2-D example. We evaluate proximity losses caused by inductor over Fig. 7 . Relative error comparison on power losses calculation between two models. The same device dimension as in Table I . Fig. 7 ). We can state that a strong improvement in term of precision has been realized.
B. 3-D Validation
These methods have been applied for 3-D simulations. In fact, the third component of a magnetic field does not have much influence in most configurations. Primary and secondary conductors are generally situated in parallel. For this reason, 2-D complex permeability remains applicable for 3-D proximity losses determination.
A 3-D transformer test is presented in Fig. 8 . Its secondary circuit has only two layers of five conductors. Because of the symmetry, we describe only one quarter of its geometry. Working frequency varies from 50 to 500 kHz. A short resume is presented in Table II . The transformer is modeled using a commercial simulation code [8] . Secondary conductors stay in open-circuit status to study proximity losses caused by its primary coils. To properly take into account proximity losses in conductor, the eddy current problem is modeled with 730 000 elements. Total computation time for each frequency is about 12 h on a Pentium IV 2.8 GHz, 2 GB of live memory. With predetermined values of 2-D complex permeability, an equivalent complex permeability problem is modeled. The equivalent problem takes 350 000 elements. Computation time is drastically reduced to 90 s. The relative error is under 5% from 50 to 250 kHz. The worst case is at 500 kHz where relative errors are about 9.5% for active power calculation. But in this case, the precision limits of the eddy current problem are reached and are due to the limits of computation capabilities.
V. CONCLUSION
We have presented two complementary numerical approaches to predict proximity losses in rectangular conductors. The first method treats the case of isolated conductors. It is useful when modeling conductors which are far from others. The second deals with package of conductors using elementary cell. This method is truly practical when conductors are arranged similarly. Both two methods have been tested on simple 2-D and 3-D examples. It has been proved that good accuracy and reduced computation time are acquired. These two methods facilitate greatly proximity losses prediction for HF design.
